ABSTRACT In this paper, we study the achievable spectral efficiency (SE) for multi-user massive multipleinput multiple-output (MIMO) systems in a single cell, where the base station (BS) has the perfect channel state information and utilizes the maximum ratio transmission precoding. The channel model is built based on a finite dimensional mmWave channel by taking the azimuth angle into account and all users are assumed to have a random distribution in a circular-shaped cell. When the BS is deployed with a full uniform linear array (ULA) configuration, an analytical expression is derived by taking into account the expectation of the squared inner product between every two channel vectors that is viewed as inter-user interference. To effective suppress inter-user interference, we focus on studying the BS installing a multiple sub-arrays antenna configuration, in which all antennas are divided into three sub-ULA configurations to cover three regions of the cell, respectively. A closed-form expression on the inter-user interference is derived. Furthermore, we evaluate the performance of full ULA and three sub-ULA configurations and derive approximated expressions on the achievable SE. Numerical results reveal that the achievable SE of system increases with the number of antennas, while it approaches saturation in the high-SNR regime. Interestingly, it is also found that three sub-ULA configurations are able to suppressive user interference and their achievable SE is superior to full ULA configuration, which has a great potential of mmWave massive MIMO systems.
I. INTRODUCTION
Massive multiple-input multiple-output (MIMO) systems by deploying a great deal of the antenna elements at the base station bring many-fold enhancements in cell coverage and user quality of service (QoS) over traditional MIMO systems, which is considered as an important incubator for the next generation communication systems [1] - [3] . In massive MIMO wireless networks, most of researches focused on centralized MIMO system because it enable to provide huge energy efficiency and spectral efficiency. Nevertheless, it might be infeasible for a practical implementation [4] - [6] . The reason is threefold [7] - [9] . Firstly, assembling a huge number of antennas to a restricted cubage introduces challenging design problems in practice. Secondly, installing tens or hundreds of antennas into a limited physical volume will inevitably increase the spatial correlation of channel and leads to severe performance loss of MIMO system. Thirdly, all antennas being co-located at the base station (BS) increases hardware cost and energy consumption, which becomes even worse when the number of antennas are envisioned.
To solve above technical challenges, multiple sub-arrays antenna configuration, where all antennas are split into multiple compact arrays antenna, is of special interest, since it is able to cut down expense and energy loss of massive MIMO systems, while inducing not much performance degrade of system. Multiple sub-arrays antenna configuration was initially proposed in [10] - [12] , the authors considered a massive MIMO system, where total antennas is divided into some smaller sub-arrays antennas, each of which has a connection with a single with an independent radio frequency (RF) chain. In [13] , the authors investigated massive MIMO system with multiple sub-arrays antenna configuration. Result showed that for fixed quantity of antennas, the total achievable rate can also be improved by increasing that one of subarrays. Moreover, for massive MIMO systems over hybrid analog/digital architectures, recent related works in [14] considered multiple sub-array antenna at the BS, where each of the sub-arrays connects to radio frequency (RF) chain, unlike centralized MIMO configuration that each antenna is assigned an RF chain. In particular, a great number of phase shifters is used to hybrid precoding solely in the analog domain at the sub-arrays antenna configuration. Compared to the full uniform linear array (ULA) architectures, such configuration is able to produce a significant reduction in the quantity of demanded analog phase shifters and make RF combiners unnecessary. To attain more diversity/spatial multiplexing gains in these systems, the authors in [15] considered the BS consisting of multiple sub-arrays antenna, where each of the sub-arrays can use RF to obtain independent electronic beam steering. In order to decrease the use of RF chains, each transceiver is routed to multiple subarrays antenna, assuming that each RF has a connection with a unique subset of the antennas [16] . In addition, the authors in [17] considered the preceding sub-arrays antennas configuration and studied the optimization method of the matched hybrid precoder. Most importantly, from energy efficiency and economic perspective, multiple sub-arrays antennas not only reduce the hardware and software complexities, but also can save the number of RF chains and decrease the energy consumption with just a little performance degrade. So for, multiple sub-arrays antenna for mmWave massive MIMO systems has not been sufficiently studied, thus there is great necessity to look into the achievable SE of system with multiple sub-arrays antenna.
In this paper, we focus on studying the achievable SE of massive MIMO systems, where the BS is equipped with the three sub-ULA configurations, unlike the full ULA architecture that total antennas are packed into a small physical volume. By taking a finite dimensional mmWave channel model into account, we obtain an analytical expression on the inter-user interference that is regarded as the expectation of the squared inner product among different channel vectors. As a contrast, the performance of full ULA configurations is also evaluated and the approximated expressions on the achievable SE is derived. Numerical results demonstrate that increasing the number of antennas can enhance the total achievable SE, whilst tends to a saturation as the SNR goes without bound for both configurations. Interestingly, it is also found that three sub-ULA configuration can effective suppress inter-user interference and its achievable SE is superior to the full ULA configuration, which has a great potential of mmWave massive MIMO systems.
Notation: Vectors are expressed as lowercase boldface, (·) H and | · | denote the conjugate transpose and the absolute value, respectively, E{·} represents the expectation operator and p(z) gives the probability density function (p.d.f.) of a random variable z, f (x) denotes the function of an argument x, J v (·) is the v-th order Bessel function of the first kind, I v (·) is the v-th order modified Bessel function of the first kind, and j = √ −1 denotes complex number.
II. SYSTEM MODEL
We introduce the channel model in mmWave massive MIMO system and present the channel response vector for ULA architecture. Then, we evaluate the distribution function of users' angle assuming that users have a random distribution within a circular-shaped cell.
A. CHANNEL MODEL
A single-cell downlink massive MIMO system is considered as illustrated in Fig. 1 , where the BS is deployed N t transmit antennas while serves K + 1 users with a single antenna. We consider two array antenna configurations at the BS. One configuration is that the BS is equipped with a full ULA configuration, as shown in Fig. 1(a) . The other configuration is that the BS is deployed with the multiple antenna arrays consisting of three sub-ULA configurations, as shown in Fig. 1(b) . Each of the sub-ULA consists of N antenna elements. As a result, the total number of antenna is 3N .
FIGURE 1.
Illustration of a single cell massive MIMO system, where the BS is equipped with the full ULA configuration or the three sub-ULA configuration.
We treat the 0-th user as the target user and other K users as the interference user and assume that the signal is processed by linear precoding before being transmitted to all users at the BS. The received signal of the target user can be given by
where ρ accounts for the average SNR, w 0 and w k represent normalized precoding vectors, i.e., w 0 = w k = 1, s 0 and s k denotes transmit signal of the 0-th and k-th users that satisfying E{|s 0 | 2 } = E{|s k | 2 } = 1, n 0 is the complex circular symmetric Gaussian noise with standard normal distribution, 1 and h k is the channel vector between the BS and the k-th user, which is caused by small-scale fading.
For mmWave wireless propagation environments, the channel vector is composed of a finite number of scattered rays since electromagnetic wave propagation has highly directional and quasi-optical feature [21] . Hence, the downlink channel h k for user k can be accurately modeled as [22] - [24] 
where N p denotes the number of the paths, a l k is the complex gain of the l-th path for the user k, whose elements has complex standard normal distribution, θ l k is the azimuth angle of arrival or departure of the l-th path for the user k while φ l k denotes the corresponding elevation angle, and a(φ l k , θ l k ) is the channel response vector of the transmitter array, which depends on array topologies and will be shown in the following part. Throughout this paper, we consider the BS is installed a full ULA configuration or multiples sub-ULA configuration and assume that they have perfect omnidirectional antennas to capture all the incoming wave information. Note that we shall not consider the elevation angles for the ULA configuration in the following section since the ULA configuration can only scan the horizontal direction in three dimensional space.
B. A ULA CONFIGURATION
We consider a ULA of N t antenna elements with interantenna d, for the far-field scenario, the channel response vector for ULA architecture is presented as [12] 
where k 0 = 2π/λ with λ being the wavelength of carrier frequency and d is the inter-antenna spacing. All users are assumed to have a random distribution in a circular-shaped cell, and thus the azimuth angles are regarded to distribute uniformly in the [−π, π] interval. The p.d.f. of users' azimuth angles φ k (∀k = 0, 1, . . . , K ) can be given by
III. NON-ORTHOGONAL CHANNEL VECTORS ANALYSIS
This section presents a derivation of a lower bound on the SIR and an analysis on the inter-user interference for massive MIMO system when the BS is deployed with a full ULA configuration or multiple sub-ULA configuration.
A. SIGNAL-TO-INTERFERENCE RATIO
The investigated system is set to be interferencelimited, whose noise can be neglected in contrast with the 1 The adoption of additive white Gaussian noise at the receiver side is widely used in the literature, such as the works [18] - [20] user interference. From (1), the SIR can be given by
Assume that the BS adopts MRT precoding since its reduces computational complexity and avoids matrix inverse operations. The beamforming vector for MRT processing, w k can be written as w k = h k / h k . For the independence between the numerator and denominator of the SIR term in (5), we can apply the Mullen's inequality: E {X /Y } ≥ E {X } /E {Y } [32] . A lower bound on the average SIR with MRT is given by
Since the users are randomly distributed within the circularshaped cell, azimuth angles among the users are independent, the expectation of the numerator and denominator is carried out by evaluating the ergodic of the users' azimuth angles.
rewritten as
From (7), we know that the signal power is constantly N t and the interference power is proportional to the squared inner product of h 0 and h k . Furthermore, the SIR is invariant to the transmitter power, which means that the average transmitter power does not degrade the link reliability. In addition, we notice that the effective interference comes from the non-orthogonal channel vectors, which can be parameterized through the squared inner product between h 0 and h k .
In [25] , the authors reported the favorable propagation characteristics is benefit for massive MIMO system, which requires the pairwise (i.e., two-user) orthogonality between the different channel vectors. Thus, it is expected that the squared inner product approaches zero that the channel vectors satisfies mutual orthogonal. Although the results in [1] have shown that the influence of fast fading vanishes asymptotically when the number of BS antennas goes infinitely. This is because the entries of channel matrix are independent identically distributed (i.i.d.) complex Gaussian. Whether this is true for mmWave MIMO channel that consists of N p LoS paths or not? Therefore, it is expected to investigate the real effective interference in mmWave propagation environments.
B. SQUARED INNER PRODUCT ANALYSIS
This subsection shall concentrates on calculating closed-form expressions for the expectation of the squared inner product when the BS is deployed with a full ULA configuration or multiple sub-ULA configuration.
Before the analysis of the squared inner product, we firstly investigate the function of that. According to the definition VOLUME 6, 2018 in (7), we observe that fixed number of the antennas, the effective interference from by any interferer (say, the user k) is denoted by f (z), which can be expressed as
Substituting (3) into (8) and some basic manipulations, we have
which can simplified as
where z denotes the angular separation between the target user 0 and interferer user k, that is defined as
From (10), we observe that the value of f (z) varies with the angular separation z. This indicates that the interference power is dependent on the azimuth angle of both the target user and the interferer user k in mmWave propagation environments. Due to the random distribution of the users in the sector, we infer that the azimuth angles of users are distributed uniformly in the [−π, π] interval and the angular separation z belongs to the [−2, 2] interval. In Fig. 2 , we depict the value of f (z) changes along with the angular separation z. As we can see that the value of f (z) is not either monotonic or periodic in regard with the angular separatio z and there are three major interferences in the [−2, 2] interval, which appears in the mainlobe at the point z = −2, 0, 2, respectively. The relative sidelobe interference is considerably smaller. For comparison, we illustrate the value of f (z) for different number of antennas N t = 10, 30, 100, respectively. We also find that the mainlobe becomes narrow by enhancing the scale of antennas. Moreover, the mainlobe width depends on the mumber of antennas and is equal to 2/N t . This signifies that as the scale of antennas grows without bounds, the mainlobe width becomes very narrow, but shall never disappear.
To suppress the effective interference, we elaborate multiple sub-arrays antenna at the BS, each of sub-arrays antenna serves a part area of cell and there are no interfere each other. In the rest part of the section, we concentrate on studying the expectation of the squared inner product when the BS is deployed with a full ULA configuration or multiple sub-ULA configuration, which can be outlined as follows:
1) Full ULA configuration as shown in Fig. 1(a) : The ULA configuration is equipped with at the BS and simultaneously serves multiple users within a circularshaped cell. The interference of the target user comes form other users in the whole circular-shaped cell. 2) Three sub-ULA configuration as shown in Fig. 1 
(b):
All antennas are divided into three sub-ULA configurations which are dense installed at the BS. The interference of the target user comes form other users within one third of circular-shaped cell. Next, we shall calculate the expectation of the squared inner product when the BS is deployed with different array antenna configurations. For the sake of simplicity, we define 0 the expectation of the squared inner product in (8) , which can be calculated as
We first study the expectation of the squared inner product when the BS is equipped with the full ULA configuration.
Theorem 1: Assume that users have a random distribution within a circular-shaped cell and the BS is deployed with the full ULA configuration such that the azimuth angles of users have a uniformly distribution in the [−π, π] interval, the expectation of the squared inner product between different channel vectors can be presented as
where J 0 (·) is the zero-th order Bessel function of the first kind [28, eq. (8.441.1)]. Proof: The detailed proof refer to Appendix I. From Theorem 1, we note that the value of 0 is influenced by the number of antennas and the inter-antenna spacing. In the following corollaries, we further investigate the effect of these physical parameter on the expectation of the squared inner product. We first study the tendency of 0 by increasing inter-antenna spacing in the following corollary.
Corollary 1: Fixed the number of antennas, the squared inner product becomes larger with the inter-antenna spacing.
Proof: Before the proof, we start by discussing the property of the Bessel function J 0 (x) since the value of 0 involves the Bessel function. the since Bessel function is an oscillating decaying function and its zero points are not generally periodic, the authors in [33] established an explicit upper bound for the envelope of the zero order Bessel function |J 0 (x)|, which can be expressed as |J 0 (x)| ≤ ωx −1/3 , where ω denotes a constant. According to the expression of the upper bound, we see that J 2 0 (x) is bounded by an inverse power law relationship with x. Therefore, we known that given quantity of BS antennas, when the inter-antenna spacing goes larger, the value of 0 shall become smaller because the envelope of the Bessel function has negative correlation with d. This judgment is consistent with [31, Th. 2] .
From Corollary 1, we know that when d = 0, the value of 0 achieves maximum value. This implies that a dense interantenna spacing enhance the spatial correlation and increases the inner-user interference. Moreover, the value of 0 converges to a saturated value as d → ∞. This implies that a large inter-antenna spacing can not complete cannel interuser interference. Next, we will study the influence of the number of antennas on the squared inner product with given inter-antenna spacing.
Corollary 2: Fixed the inter-antenna spacing, the expectation of the squared inner product increases monotonically with the number of antennas.
Proof: In order to obtain the insight of the tendency of 0 as the number of antennas, the difference 0 with respect to N t yields
Substituting (13) into (14) and some basic manipulations yields, we obtain
From (15), we can note that the squared inner product grows larger with the number of antennas. From Corollary 2, we find a very interesting conclusion that the squared inner product between different channel vectors is not orthogonal under mmWave propagation environment. In contrast, the squared inner product increases with with the number of antennas, which implies that massive MIMO system in mmWave propagation environment does not effective suppress the inner-user interference. To quantify pairwise (two different channel vectors) orthogonality, we obtain the orthogonal criterion in the next theorem.
Theorem 2: When the different channel vectors between users achieves orthogonality, the azimuth angles of users should satisfy the following condition:
Proof: Since the lower bound on the average SIR achieves maximize value on the condition that the different channel vectors have orthogonality, we should obtain
which leads to the following condition for δ
where n is any positive integer, i.e., n = 1, 2, 3, . . . . From Theorem 2, we see that the number of points is heavily dependent on the number of antennas and the interantenna spacing when the azimuth angles of users satisfies the condition in (16) . In principle, the grow of array aperture (i.e., a larger d and/or N t ) brings an improvement on the property of suppressing interference. This meets expectation because the system has more degrees of freedom in the physical space to eliminate of interference. However, when two channel vectors have co-linearity (i.e., k = 0), interference reaches the maximum and the value of f (z) equals to N t . Furthermore, the width of the main lobe of f (z) decreases again when N t and/or d goes larger. These results put an emphasis on the meaning of user scheduling in finitedimensional mmWave MIMO systems, indicating that it can be more optimal to schedule users with mutual orthogonal condition, as described in (16) . With effective implement, user scheduling has great potential to eliminate inter-user interference. However, due to the users are randomly distributed, the disadvantage of the user scheduling approach is hard to find a set of users that always satisfies mutual orthogonal criterion.
We now focus on a multiple sub-ULA configuration at the BS. In such configuration, we assume that multiple antenna arrays consists of three sub-arrays. Each of the sub-ULA has N antenna elements and covers different sector users.
We present a theorem to analyze one sector case and derive the expectation of the squared inner product. Since the effective interference is determined by the distribution of user angular separation within the mainlobe. To derive a closedform expression for multiple sub-ULA configuration, we first need to establish a key lemma as follow.
Lemma 1: Let z = cos φ 0 − cos φ k , the p.d.f. of random varible z can be derived by
where K (·) denotes complete elliptic integral of the first kind in [28, eq. (8.111.2)], which be defined as
Proof: The detailed proof refer to Appendix II. In Fig. 4 , the Monte-Carlo simulation result validates our theoretical results for the p.d.f. of the angular separation z, provided by (11) . In simulations, we assume that all users are random distribution within a circular-shaped cell, the users' azimuth angles are generated according to the definition in (4) . Clearly, the theoretical result remains very close with the numerical simulations for the whole elevation angle, which confirms the analytical results in Lemma 1. Moreover, we see that the p.d.f. of the users' azimuth angle mainly is distributed in the small angular separation domain.
To further study the effective interference, we now focus on the mainlobe for multiple sub-arrays antenna configuration, whose domain appears in the first zero-crossings as shown in Fig. 3 . With the help of the result in (10), we know that the mainlobe width along each direction is ±2/N . In addition, since each of the sub-arrays services different sector users, the users' azimuth angle φ 0 and φ k follows in the [−π/3, π/3] interval, we know that the angular separation z belongs to in the [−1, 1] interval. Then, the expectation of the squared inner product is considered when the the BS is deployed with the multiple sub-ULA configuration.
Theorem 3: Assume that the BS is deployed with the multiple ULA configuration, each of sub-ULA covers a third of sector. As a consequence, the azimuth angles of users follows in the [−π/3, π/3] interval, the expectation of the squared inner product for different channel vectors can be computed as (21) presented at the top of the following page, Proof: The detailed proof refer to Appendix III. From (22) , we note that the expectation of the squared inner product has the operation of infinite series summation, and the calculation of its accurate value is quite complicated. For all practical purposes, the infinite series in (22) can be evaluated with a finite number of terms. By using numerical simulation, the truncated number is larger than three times the number of BS antennas that guarantees the truncation error can be accepted.
IV. ACHIEVABLE SE ANALYSIS
This section derives approximated expressions on the achievable SE of system for any number of antennas, where the BS is equipped with the full ULA configuration or three sub-ULA configuration. According to the derived analytical results, the effect of the number of antennas and SNR are revealed. We also evaluate the total minimized and maximized achievable SE for three sub-ULA configurations.
A. ACHIEVABLE ERGODIC SE
We make an assumption that the signal is processed before being transmitted to the K + 1 users by linear precoding and perfect CSI exists. From (1), the achievable ergodic SE of the 0-th user is computed as
Note that the expectation in (23) is taken over the channel vector, which is determined by the azimuth angel of the users. In order to obtain a closed-form expression for the achievable SE of per user, calculation the p.d.f. of SINR term in (23) is necessary. Since it is quite tricky to have a leading-out of the closed-form p.d.f. of SINR, as an alternative, we explore an approximated expression on the achievable SE. Theorem 4: For a multi-user massive MIMO system with full ULA or three sub-ULA configurations, the achievable SE of the 0-th user can be approximated as
where U ∈ { 0 ,¯ 0 }, 0 and¯ 0 are defined in (13) and (21), respectively. Proof: With the help of the approximated expression: E log 2 (1 + X /Y ) ≈ log 2 (1 + E {X }/E {Y }) for random variables X and Y [34] , the achievable rate of the k-th user can be approximated bȳ
Substituting (13) and (21) into (25) completes the proof. From Theorem 4, we observe that the approximated achievable SE is related to the number of antennas, the SNR and inter-antenna spacing. According to (24) , it is seen that a power gain of N t can be derived by MRT beamforming in the 
environment of the ULA architecture. Meanwhile, the factor in the denominator of U is the inter-user interference, whose feature lies in inter-antenna spacing and the number of BS antennas. For the improvement of the achievable SE of system, more antennas can be deployed that increasing the numerator or larger antenna spacing can be employed that decreasing the denominator. Subsequent we study the influence of SNR and the number of antennas onR k . The following corollary demonstrates the approximated achievable SE of system limit as ρ → ∞.
Corollary 3:
In the high SNR regime (ρ → ∞), the approximated achievable SE in (24) reduces to
Proof: We take into account the limit as ρ → ∞ and thus attain the conclusion.
It is worth noting that as SNR grows infinitely,R 0 turns to a constant that is dependent on the number of BS antennas and the squared inner product based on the observation from Corollary 3. For the improvement of the achievable SE in the high SNR regime, one method is to enlarge the interantenna spacing and/or equip more antennas at the BS. Then, we analyze the impact of large number of antennas on the achievable SE of system. Corollary 4: Consider the extreme condition of N t → ∞ and keeping the SNR, the number of users, the inter-antenna spacing remains constant, the approximated achievable SE in (24) grows infinitely.
Proof: Firstly, we update (24) as
As the number of BS antennas goes infinitely and k = 0, we can easily know from (13) and (21) that
which concludes the proof. It is worth noting that based on the observation from Corollary 4, the approximated achievable SE enhances with the number of antennas with MRT processing because fading is averaged out when the number of antennas increases infinitely. In addition, it should be realized that the extremely large BS space is required as the quantity of BS antennas goes up infinitely.
B. TOTAL ACHIEVABLE SE OF SYSTEM
For comparison, we assume that the system has the same settings under full ULA and three sub-ULA configurations. When the BS is deployed with the full ULA configuration and the total number of antennas is set to N t , according to (24) , the achievable SE of the whole system is computed as
When the BS is deployed with three sub-ULA configuration, the number of antennas for one of the sub-ULA configurations equals to N = N t /3. Due to each sub-ULA configuration serves one third of cell and has perfect directional, there is no interference from other sector. In addition, since all users have random location in the circular cell, it is difficult to guarantee the number of users in each sector being identical. As a result, two special cases is discussed as below: One case is that all users are located one of the sectors, which leads the achievable SE of the whole system to minimize (the worse case). From (24), the total minimized achievable SE of the system can be computed as
The other case is that the number of users in each sector is identical, which leads the achievable SE of the whole system to maximize (the best case). From (24), the total maximized achievable SE of the system can be computed as
Substituting N = N t /3 into (31), which can be updated as
At this end, we have obtained analytical expressions of the total achievable SE when the BS is deployed with the full ULA configuration or three sub-ULA configuration. Compare (29) and (32), it is observed that the total achievable SE of three sub-ULA configuration can be increased in the high SNR regime, which indicates the effectiveness of three sub-ULA configuration under the same system's settings.
V. NUMERICAL RESULTS
This section presents simulation results to prove the derived analytical expressions. We consider K + 1 users which have random distribution within a circular cell and channel model is established based on (2) and the total number of pathes is VOLUME 6, 2018 set to N p = 20. For the full ULA and three sub-ULA configurations, the azimuth angle of users are uniformly distributed in [−π, π] and [−π/3, π/3] interval, respectively. Fig. 5 shows numerical simulations for the expectation of squared inner product and their analytical results in (13) and (21) when the number of antennas is varied. We see that the theoretical results for the expectation of squared inner product has very small gap between the numerical simulation results for arbitrary number of antennas, which confirms the analytical expressions in Theorem 1 and Theorem 3. It is also found that fixed inter-antenna spacing, the expectation of squared inner product increases with the number of antennas, which is in good agreement with the theoretical analysis in Corollary 2. The observation indicates that the fast fading shall not vanishes asymptotically as the number of antennas increase in a finite dimensional mmWave propagation environments. Moreover, under the some configuration, the expectation of squared inner product with the full ULA configuration always larger than one with three sub-ULA configuration, which implies that the full ULA configuration shall produce severe inter-user interference. In addition, we compare the expectation of squared inner product for different inter-antenna spacing. We observe that the curves with a large inter-antennas spacing always outperforms that one with a small inter-antennas spacing, which indicates that the ULA configuration with large inter-antenna spacing has a small effective interference for the reason that a large inter-antenna spacing significantly decreases the spatial correlation. In Fig. 6 , the comparison between the simulated achievable SE and corresponding approximated result is revealed. Clearly, there is a a slight gap between the Analysis results and the numerical results in the low SNR regime (SNR < 0 dB), which confirms the analytical results in Theorem 4. Analysis results show that the total achievable SE increases with the SNR and tends to saturation in the high SNR regime. This is because that the inter-user interference turns dominative as the SNR goes without bound, which validated theoretical analysis in Corollary 3. It is observed that the approximated results on the total achievable SE become relatively loose in the high SNR regime. For the three sub-ULA configuration, there exists a big gap between the best and worse cases. This indicates that the total achievable SE of three sub-ULA configuration is influenced by the number of users in the cell. Moreover, as we have seen, the total achievable SE under the best cases exhibits a superior achievable SE to one of full ULA configuration, nevertheless, the total achievable SE under the worse cases has a inferior achievable SE to one of full ULA configuration. This is expected, because the major interferences is influenced by the number of users in the sector. To make a comparison, we present the total achievable SE as the change of the number of users. It is observed that with a given number of antennas and SNR, the total achievable SE of the case of larger number of users is much better than that of the case with small number of users, which signifies that a large number of users is of great benefit to improve the total achievable SE of system under MRT precoding. Fig. 7 depicts the total achievable SE versus the number of antennas. It is observed that the achievable SE grows as the number of antennas grows without bound, which is consistent with the result in Corollary 4. Moreover, large-scale antenna arrays makes a significant contribution to the total achievable SE and is thought to be attractive in mmWave MIMO systems. To make a contrast, we illustrate the achievable SE when the BS is deployed with the full ULA configuration or three sub-ULA configuration. As expected, the achievable SE for always outperforms the other cases at the arbitrary antenna number.
VI. CONCLUSION
In this paper, we studied the achievable SE of massive MIMO systems, where the BS is equipped with the three sub-ULA configurations, unlike the full ULA architecture that total antennas are packed to a well-knit antenna array, in which all antennas are divided into three sub-ULA configurations. By considering a mmWave channel model, we derived closed-form expressions about the expectation of the squared inner product between every two channel vectors. For comparison, we further evaluated the performance of full ULA configurations and derived approximated expressions on the achievable SE. Our results showcased that the total achievable SE enhances with the number of antennas, whilst it approaches saturation in the high SNR regime. Compared with the full ULA configuration, the three sub-ULA configuration is able to suppress inter-user interference and effective increases the achievable SE of system. In the future work, we will extend the work of paper with some other existing wireless techniques [26] , [27] , which aims to further improve the system's performance.
APPENDIX I PROOF OF THEOREM 1
From (9), 0 has a expansion as following
Exploiting the fact that φ 0 and φ k are independent of each other, with several manipulations, (33) turns to
which is further simplified as
We begin with focusing on the first part of the left-hand side of (35). For convenience, we introduce the definition of T 1 , which can be calculated as
Substituting (4) into (36), we adopt several basic manipulations and obtain
which has a expansion as follow
With the help of the integral identical in [28, eq. (3.339)],
where I 0 (·) represents the zero-th order modified Bessel function of the first kind. According to these definitions, we simplify the last term of right-hand in (38) and further obtain the closed-form expression Finally, considering that J 0 (0) = 1, and with several basic manipulations, the desired result is derived.
APPENDIX II PROOF OF LEMMA 1
To obtain the p.d.f. of random variable z, we first to calculate the p.d.f.s of cos φ 0 and cos φ k . For the sake of clarity, Let α = cos φ 0 and β = cos φ k , herein due to azimuth angle φ k , k∀K follows uniform distribution within circular-shaped cell, thus the p.d.f.s of α and β can be respectively expressed as
and
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The p.d.f. of p Z (z) can be calculated as follow
Substituting (43) and (44) 
We derive the integral expression of p Z (z) as (46), which can have analytical solution by utilizing [28, eq. (3.147.
2)], along with several manipulations, we obtain the desired result.
APPENDIX III PROOF OF THEOREM 3
Recalling the (10), we have 
When we consider the effective interference form the mainlobe and according to the definition of expectation,¯ 0 in (47) can be calculated as To evaluate the integral, we present Taylor expansions of K (·) and sin (x), respectively. 
We can approximate sin (z) for small z as sin (z) ≈ z, and to simplify the computation, we apply a Taylor expansion in (51), f (z) can be derived by .
The details computation can be found in [29] and [30] . Substituting (50) and (53) where G is defined in (22) . By expanding (z + a) p into a binomial series and utilizing of integration identify [28, eq. (2.110.8)], and after some basic manipulations, we can complete the proof.
